ABSTRACT: Simulation models are becoming valuable tools for design and management of furrow irrigation systems. The Manning equation is used often for describing overland flow in these models. The past studies suggest that the Manning equation is not suitable for describing the flow in border irrigation because the value of Manning's n varies with the depth of flow. In this study we examine the suitability of the Manning and other four similar flow equations for flow in furrow irrigation and evaluate how Manning's n varies spatially, temporally, and with flow rate in the furrow. Field tests were monitored for a range of flow rates and two furrow slopes. The Manning and the other equations fitted data satisfactorily. The value of the Manning's n varied slightly with the variation in flow rate at low flow range, but it became fairly constant with changes in flow rate at high flow range. The Manning equation is considered the best for modeling the overland flow in furrow irrigation among the equations examined in the study because the Manning equation requires only one parameter to be estimated, whereas in the other equations up to four parameters should be estimated.
FIELD EXPERIMENTS General
The field experiments were conducted at the Horticulture Farm of the University of Western Sydney, NSW, Australia. The experiments in the study were part of a wider study on the evaluation of furrow irrigation models for southeast Australia. For convenience, the horticulture farm is hereafter referred to as HF. Because experiments at HF comprised of both irrigation and hydraulic resistance tests, the hydraulic resistance tests at HF are called HFH.
Field Setup
The field layout of one of the furrow sets at the experimental site is shown in Fig. 1 . The topsoil (up to 0.3 m) at the site is sandy clay loam and the subsoil below it is a clay that has 'Univ. of Western Sydney, School of Agr. and Rural Devel., Richmond, NSW, 2753, Australia.
Note. Discussion open until September I, 1998. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on December 16, 1996 . This paper is part of the Journal of Irrigation and Drainage Engineering, Vol. 124, No.2, March/April, 1998 . ©ASCE, ISSN 0733-9437/98/0002-0089-0095/ $4.00 + $.50 per page. Paper No. 14766. Flow in furrow irrigation differs from that in open channels and rivers in several ways. The flow rates in furrows are lower, the depth of flow is shallower «150 mm) and the velocities of flow are small (0.02 to 0.04 m S-I). In furrow irrigation, the flow is often a mixture of laminar and turbulent flow, whereas in deep flow conditions such as rivers the flow is more likely to be turbulent. Furrow irrigation models are valuable tools in the design and management of irrigation systems. Advance and recession times of the waterfront and in turn the uniformity of irrigation can be predicted by the models for a given field condition. The hydraulic resistance parameter is one of the key input parameters in the models and therefore its accurate estimation is important for obtaining reliable predictions from the models. Modelers of furrow irrigation have used the Manning equation for describing the velocity of flow in their models (Elliott et al. 1982 ; W. R. Walker and F. Gichuki, unpublished report, 1985; P. Ross, unpublished notes, 1986; Wallender 1986; Strelkoff 1991) . The Manning equation was derived for deep flow conditions such as those in rivers (Maheshwari and McMahon 1992) . Studies of Maheshwari and McMahon (1992) indicate that the value of the Manning's n in border irrigation varies with depth of flow and the equation is not suitable for flows in border irrigation. This raises a question whether the equation can be used for modeling furrow irrigation flows that have shallOW depth like in border irrigation. However, the flow in furrow irrigation differs from border irrigation such that the flow in the former case is in a small channel and generally there is no vegetative cover in the channel to obstruct the flow.
The following are the main objectives of this study: (1) To investigate the suitability of the Manning and other four similar flow equations for describing flow in furrow irrigation; and (2) to evaluate variation of the Manning's n with the distance down the furrow, watering number during the season and flow rate used. 
ANALYSIS OF DATA
Eight water-level probes were available for the field tests, and they were arranged along the furrow to cover the whole length. For monitoring the hydraulic resistance tests the probes were placed in the centerline of the furrow no. 3 at 5, 20, 35, 50, 65, 80, 95 , and ItO m (see Fig. I ) and in the furrow no. 8 at 5, 20, 27.5, 35, 42.5, 50, 57.5 , and 65 m from the upstream end of the furrow. At the locations of individual probes in the furrows, plastic cups measuring 70 mm in diameter and 150 mm in height were placed in the ground such that the tops of the cups were flush with the ground surface within the channel. The probes were placed in these cups for measuring the depth and were supported by specially constructed stands (see Fig. 3 ). Approximately 150 mm of the bottom length of the probe was in the cup and below the furrow bed. The cups were filled with water during water flow in the furrow and enabled depth measurements to be taken from the bottom of the furrow bed. Furrow cross sections at different stations along the furrow length were measured using a profilometer similar to that described in Walker and Skogerboe (1987) .
Half of the field data was randomly selected for fitting the Manning and other four flow equations and the other ha!f of data was used for testing the accuracy of the fitted equatIons. As mentioned earlier, two furrows (nos. 3 and 8) were used for hydraulic resistance tests and a total of six waterings; three in each furrow were carried out during the study. The data from these waterings are analyzed at three levels: level I corresponds to data for each watering in a furrow, level 2 for all the waterings combined in each furrow, and level 3 for all the waterings of both the furrows combined. This means there were six data sets for levell, two for level 2, and one for level 3 for fitting and validation of the flow equations. The data sets for level 1 are identified as HFH31, HFH32, HFH33, HFH81, HFH82, and HFH83. Here, for example, data set HFH31 represents hydraulic resistance test data for furrow no. 3 and watering number l. The data sets for level 2 are HFH3 and HFH8 corresponding to all the watering in furrow nos. 3 and 8, respectively. The data set for level 3 is identified as HFH-all.
As mentioned earlier, the subsoil at the experimental site is clay having very low hydraulic conductivity. The subsoil con- 
Field Measurements
The measurements made for the hydraulic resistance tests included inflow and outflow rates and depth of flow at different distances down the furrow. Cross sections of furrows along the length were measured before and after each test. A portable RBC flume designed by Bos et al. (1984) with a throat width of 100 mm was used for measuring flow rates. The depths of flow in the flume and stations along the furrow were measured using water-level probes and a data logger. The depths were recorded every to s by the data logger.
90/ JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING / MARCH/APRIL 1998 a very low hydraulic conductivity. A total of eight laser-graded furrow sets were constructed for monitoring both irrigation events and hydraulic resistance tests. Each furrow set consists of three furrows with the middle furrow used for monitoring the irrigation events or hydraulic resistance tests (see Fig. I ). Only furrow set nos. 3 and 8 were used for monitoring the hydraulic resistance tests. The length, spacing, and slope of the furrows in the two sets (i.e., nos. 3 and 8) used in the tests are given in Table l .
Each furrow is divided into six sections (see Fig. 2 ). Because of a constant infiltration along the furrow after soil became saturated, the flow in the furrow decreased gradually along the length. By dividing a furrow into sections and measuring flow depths along the furrow, we increased the number of observations per watering for analysis. The field was planted with barley and a total of six waterings for the h~ draulic resistance tests, three in each furrow set, were mOnitored.
For monitoring the tests, flow rate is measured in the furrow by installing two flumes, one at the upstream and the other at the downstream ends of the furrow and the depth of flow by placing water-level probes along the length of the furrow. In each furrow set, water was applied in all three furrows simultaneously. This was done to prevent lateral seepage and to provide infiltration conditions similar to a typical furrow irrigation practice. Water was supplied into the furrows by an adjustable gated pipe.
A total of eight flow rates in the range of 0.13 and 3.5 L S-1 were used during each watering. Watering began with a low flow rate (e.g., 0.13 L S-I). It was observed that outflow from the furrow became constant within to min after the water front has reached the furrow end, but the flow was continued for approximately 30 min to make sure that the flow depths in the entire furrow have become stable. These flow depths, recorded by water-level probes along the furrow, provided the required depth values. The flow rate into the furrow was then increased to a next value and flow depths at stable flow conditions were recorded again. The increase in flow rate was repeated until all other flow rates and correspon~i~g fl~w depths were recorded. The incremental value for obtammg dIfferent flow rates used during a watering varied between 0.2 and 0.8 L S-I.
trolled the long-term infiltration at the site. It was observed that outflow from the furrow became constant within 10 min after the waterfront had reached the furrow end. This provided condition for a steady, gradually varied flow in the furrow. The flow rate at any stations along the furrow was calculated using the following equation: (1) where Q. = flow rate at the station (m 3 S-I); QI = inflow into the furrow (m 3 S-I); Qo = outflow from the furrow (m 3 S-I); L = the length of furrow (m); and X = distance of the station from the upstream end of the furrow (m). (6) where S. = slope of energy line between stations 1 and 3; AE = adjusted bed elevation difference (m) between stations 1 and 3; t:.L = distance (m) between stations 1 and 3; Y 1 and Y 3 = adjusted depth of water (m) at stations 1 and 3, respectively; VI and V 3 = flow velocity (m S-I) at stations 1 and 3, respectively; and E 1 and E 3 =adjusted bed elevation (m) at stations 1 and 3, respectively.
Adjustment of Bed Elevation and Depth of Flow at Each Station
All parameters in (5), except S.. can be measured or known. Therefore, the value of S. can be calculated between stations 1 and 3 using (5). The value of S.. calculated using (5), based on stations 1 and 3, provides value of S. for the middle station (Le., station 2). Similarly, S. based on stations 2 and 4 will provide S. for station 3.
Because of irregularities in furrow slope it was observed that water lies stagnant on the surface in depressions around the location of the water-level probe along the furrow. The depths of stagnant water at different stations were measured manually after each watering. For a given station, there was negligible change in the depths of stagnant water from one watering to the next in the furrow. The measured depth of stagnant water was used to adjust the bed elevation and the depth of flow at each station as follows:
Selected Flow Equations
The Manning equation and four variations of the Manning equation were used. The Manning equation is expressed as follows:
Eq. (7) can be rewritten as (2) (8) and (9) (to) (11 )
The other four equations are where Q = flow rate (m 3 S-I); n = Manning coefficient; A = cross-sectional area of flow (m 2 ); K = lin; R = hydraulic radius (m); P = wetted perimeter (m); S. = slope of energy line;~I and~2 = exponents for S. in the equations; kl> k 2 , k 3 , and k 4 = coefficients in the equations; and ai' a2, a3, a4, as, and a. = exponents for furrow geometry parameters in the equations.
Eqs. (9) and (10) are the same as the Manning equation except the exponent of hydraulic radius in (9) and the exponents of hydraulic radius and slope of energy line in (10) are allowed to vary. Eqs. (11) and (12) also are similar to (9) and (10), respectively, but the hydraulic radius in the equation is replaced by the wetted perimeter.
For fitting the flow equations, a nonlinear optimization method (Maheshwari and McMahon 1992) that uses a pattern search technique (Monro, 1971) was used. In this method, the parameters K, kl, kz, k3, k4 , al> a z, a3' a 4 , as, a.,~I> and~z in the flow equations are assigned some initial values and these values are then changed during each iteration until the difference between the observed and the predicted "Q" values become negligible. The objective function used for the optimization method was as follows:
where Also, the measured cross section of furrow was adjusted using the adjusted bed elevation at each station. The adjusted cross section was used to calculate the different hydraulic parameters such as cross-sectional area of flow in furrows.
Calculation of Slope of Energy Line (S.)
Consider a steady, gradually varied flow along the furrow as shown in Fig. 4 . The Bemoullis equation between stations 1 and 3 can be stated as follows:
Eq. (4) can be rearranged for S. as follows:
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Validation of Flow Equations
The validation of different flow equations for estimating flow rate in furrow irrigation has been done by comparing the calculated flow rate with that observed in the field. The observed values of flow rates in furrow Qo and that calculated using the selected flow equations Qc can be compared and nalyzed to~urther aid in the evaluation of different flow equatIOns for estImating flow rate in furrow irrigation. Here, a linear regression analysis of observed and calculated flow rates was used to find the average pattern of variation of data. The form of regression equation selected is Qp =AQo (14) where a p = predicted value of Qc from regression of Q on Q (m3 S-I); and A = coefficient. The goodness of fit of the foregoing equation to data is determined usually by calculating the coefficient of determination (R 2 ) and the standard error of estimate (0'). When (14) fits the data satisfactorily, a value of A close to unity means unbiased prediction, A < 1 indicates underprediction, and A > 1 means overprediction. The average absolute error E av in percentage was computed for each flow equation to measure the goodness of fit and is given as (15)
RESULTS AND ANALYSIS

Fitting Flow Equations
The data obtained from the hydraulic resistance tests monitored in this study were used to examine the suitability of the Manning and the other flow equations for modeling the overland flow in furrow irrigation and to estimate the values of the parameters K (K =lin, where n is the Manning coefficient) in the Manning and kh k2, k 3 , k4, ah a2, a3' a4, as, a6, (310 and 2~n the other flow equations. The results of fitting of the v~~us flow equations using the field data for each watering wlthlO each furrow (level 1) are given in Table 2 .
As shown in Table 2 , the Manning and the other flow equations fitted satisfactorily (R 2 > 0.86 and 0' < 0.36 Us) for level 1 data sets. This shows the Manning and the other flow equations are suitable for describing overland flows in furrow irrigation on bare soils. As shown in Table 2 , the value of K parameter in the Manning equation decreased from watering no. 1 to no. 3 in each furrow. This means the value of the Manning's n increased gradually from watering no. 1 to no. 3 for each furrow. This probably is caused by an increase in surface roughness caused by soil erosion in the furrow during subsequent watering.
The results of fitting of the different flow equations using d~ta o~three waterings combined for each furrow (level 2) are given 10 Table 3 . As shown in Table 3 , the flow equations also fitted satisfactorily (R 2 > 0.88 and 0' < 0.30 Us) for level 2 ata sets. The value of the parameter K in the Manning equation for furrow no. 3 (i.e., 62) is higher than in furrow no. 8 (i.e., 57? This means the Manning's n for furrow no. 3 (i.e., 0.016) is smaller than Manning's n for furrow no. 8 (i.e., 0.0175). This can be explained by more erosion, which occurred in furrow no. 8 because of its steeper slope.
The results of fitting the different flow equations using data of all waterings (i.e., data set HFH-all) of both furrows combined (level 3) are given in Table 4 . As shown in Table 4 , the flow equations again fitted the field data satisfactorily, al- 
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(1 ) (2) (3) (4) (5) (6) (7) though R 2 values were slightly lower and cr values were higher than the previous levels.
In general, the flow equations fitted the field data satisfactorily in all cases. The Manning equation is superior to the other flow equations, mainly because the equation requires only one parameter (i.e., K) to be estimated, whereas in other equations up to four parameters should be estimated.
Validation of Flow Equations
As mentioned earlier, half of the field data in each data set were used to evaluate the performance of the different flow equations. The performance of the different flow equations for predicting flow rates during the hydraulic resistance tests monitored in this study was quantified by calculating A, cr, R 2 , and E av for data sets at all three levels (see Tables 5-7) .
As shown in Table 5 (level 1), the Manning equation and (9) and (10) predicted flow rates with a relatively high accuracy (R 2 = 0.91 and E av < 15.4%) in comparison with the other flow equations. The Manning equation is the best (R 2 = 0.91 and Eav = 15%) for the prediction of flow rate among the equations considered in this study at level 1. As shown in Table 6 (level 2), all the flow equations except (11) predicted flow rate with the same accuracy. Eqs. (10) and (12) appeared to be best for prediction of flow rate at level 2. As shown in Table 7 (level 3), the Manning equation and (9) and (11) predicted flow rates with a relatively high accuracy (R 2 = 0.88 and Eav < 19.1 %) in comparison with the other equations. The Manning equation is the best (R 2 = 0.88 and E av = 18.3%) for the prediction of flow rate among the equations considered at level3.
In general, the validation of flow equation at all levels indicate that the Manning equation is superior to the other equations for prediction of flow rate for the hydraulic resistance tests monitored in the present study. 
Statistical Differences in Flow Prediction
To examine whether there is a significant difference between the mean of predicted flow rates by the different flow equations, statistical analysis using the F-test was carried out at 95% confidence level. As shown in Table 8 , the values of Fcalculated are much lower than the values of Fcritical in all cases. This means there is no significant difference between the mean of predicted flow rates by the different flow equations.
Variation of Manning's n
The values of the Manning's n for different tests at each section were calculated using the Manning equation and the trends of variation of the Manning's n with flow rate during each watering at different sections along the furrows are shown in Fig. 5 . As shown in Fig. 5 , Manning's n value changed slightly with changes in flow rate at low flow range (i.e., flows < 0.70 L S-I), but it became fairly constant with changes in flow rate at the high flow range (i.e., flows> 0.70 L S-I). The variation in Manning's n at low flows may be related to rapid changes in wetted perimeter and consequently the surface area of soil. Also, measurement errors in crosssectional area of furrow, flow depth, and flow rate at low flow may be relatively high and could contribute to variation of Manning's n. In high flow range, Manning's n does not change much and could be explained by the fact that resistance to flow in furrow irrigation is caused by soil surface roughness, which does not change with changes in the flow depth. This is in contrast to border irrigation in which Manning's n varies with depth of flow because of presence of vegetation in the flow path (Maheshwari and McMahon 1992) .
As shown in Fig. 5 , the value of the Manning's n is not the same for different sections during each watering. This may be related to the variation of the soil surface roughness within different sections. The values of Manning's n increased gradually from watering no. I to no. 3 for each furrow. This probably is caused by increased surface roughness caused by soil erosion in the furrow during subsequent waterings. Trout (1992) tried to fit linear regression equations between Manning's n and flow velocity and Manning's n and hydraulic radius, but the correlation was poor. The present study suggests that Manning's n, except for a low flow range, did not vary much with the variation of flow velocity. Hydraulic resistance in overland flow is a result of complex interactions between soil surface and flowing water. It is not correct to develop correlations between Manning's n and velocity of flow or hydraulic radius because these variables are not related in the physical sense. If the field data show a systematic variation in Manning's n with velocity or hydraulic radius, it should be recognized as a secondary effect (Maheshwari 1992 ). Therefore, any attempt to develop a relationship between Manning's n with the velocity or the hydraulic radius will have a poor correlation.
CONCLUSiONS
Based on the analysis of field data in the present study, it is concluded that the Manning and the other four equations are suitable for describing the overland flow in furrow irrigation models. For a given watering, Manning's n does not change much for flows greater than 0.7 L S-I in the furrows. The value of Manning's n tends to increase with each watering and the increase is higher in steeper furrow because of erosion in the furrows. The Manning equation is considered superior to the other equations because in the Manning equation only one parameter should be estimated whereas in other equations up to four parameters need to be estimated.
APPENDIX II. NOTATION
The following symbols are used in this paper: 
